ERK controls gene expression in development, but mechanisms that link ERK activation to changes in transcription are not well understood. We used high-resolution analysis of signaling dynamics to study transcriptional interpretation of ERK signaling during Drosophila embryogenesis, at a stage when ERK induces transcription of intermediate neuroblasts defective (ind), a gene essential for patterning of the nerve cord. ERK induces ind by antagonizing its repression by Capicua (Cic), a transcription factor that acts as a sensor of receptor tyrosine kinases in animal development and human diseases. A recent study established that active ERK reduces the nuclear levels of Cic, but it remained unclear whether this is required for the induction of Cic target genes. We provide evidence that Cic binding sites within the regulatory DNA of ind control the spatial extent and the timing of ind expression. At the same time, we demonstrate that ERK induces ind before Cic levels in the nucleus are reduced. Based on this, we propose that ERK-dependent relief of gene repression by Cic is a two-step process, in which fast reduction of repressor activity is followed by slower changes in nuclear localization and overall protein levels. This may be a common feature of systems in which ERK induces genes by relief of transcriptional repression.
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pattern formation | signal transduction | systems biology E RK controls gene expression in countless developmental contexts (1) (2) (3) . Most of what we know about transcriptional interpretation of ERK signaling in development is related to the E-twenty six family transcription factors (4) (5) (6) (7) (8) (9) . During the past decade, the high mobility group box transcription repressor Capicua (Cic) has been identified as a conserved sensor of ERK activation (10) . ERK activation relieves gene repression by Cic, but the underlying mechanisms are not fully understood. During the terminal patterning of the fruit fly embryo, ERK-dependent relief of gene repression by Cic is preceded by strong reduction of Cic levels in the nucleus. Here, we show that ERK can relieve gene repression by Cic before reducing its nuclear localization. Based on this, we propose a two-tiered model in which fast antagonism of transcriptional repression is followed by slower reduction of nuclear levels.
During the third hour of development, the Drosophila embryo is subdivided into three adjacent domains that give rise to the muscle, nerve, and skin cell types. One of these domains, the neural ectoderm, is further partitioned into three regions that map to the three columns of the future nerve cord (11) . This patterning event depends on a Rel-family transcription factor Dorsal (Dl), which is distributed in a ventral-to-dorsal gradient of nuclear localization and controls gene expression along the dorsoventral (DV) axis of the embryo (Fig. 1A) (12) (13) (14) . Dl patterns the DV axis directly by binding to enhancers of its target genes and indirectly through signaling and transcriptional cascades (15, 16) . High levels of nuclear Dl directly activate Snail (Sna), a transcription factor, which represses neural cell fates in the ventral region of the embryo ( Fig. 1 A and B) (17) . At the same time, low levels are sufficient to directly repress decapentaplegic (Dpp), a bone morphogenetic protein ligand, which generates a signaling gradient that represses neural cell types in the dorsal region (18, 19) . In addition to Dl and Dpp, the neural ectoderm is patterned by the epidermal growth factor receptor (EGFR), which establishes a gradient of ERK activation (20, 21) . This gradient is also triggered by Dl through the localized production of EGFR ligands ( Fig. 1 B and C) (22) (23) (24) .
EGFR signaling in the neural ectoderm induces intermediate neuroblasts defective (ind), a gene that encodes a homeobox transcription factor required for patterning of the nerve cord (25) (26) (27) . Expression of ind requires relief of its repression by Cic (28) . Together with direct activation by Dl and Dl-dependent repression in the ventral side of the embryo (by Sna and ventral nervous system defective), EGFR establishes a thin lateral stripe of ind expression ( Fig. 1C) (26, 27, 29, 30) . Quantitative measurements of Cic dynamics in the early Drosophila embryo established that ERK activation reduces the nuclear residence time of Cic and, in this way, increases the rate of its degradation (31) . Whether this effect is essential for induction of genes repressed by Cic was unclear. Here, we show that ind, a direct target of Cic, is induced before significant reduction of Cic levels in the nucleus. Thus, ERK relieves transcriptional repression by Cic via multiple mechanisms that operate on different time scales.
Results
ind Is Induced by Steady Dl and Dynamic Dual Phosphorylated ERK Signals. We used a microfluidics approach for high-throughput orientation of embryos to study the patterns of nuclear Dl, dual phosphorylated ERK (dpERK), Cic, and transcriptional activity of the ind locus during the third hour of development. In these experiments, fixed and stained embryos are introduced into a microfluidics chip in which a fluid flow orients them vertically, enabling imaging of signaling and gene expression along the entire DV axis. Although each fixed embryo is arrested at one point of development, these points are different for different embryos. Hence, analysis of a large number of embryos provides an insight into developmental dynamics.
The early embryo is a syncytium, a system in which nuclear divisions proceed without cytokinesis (32) . Membranes enclosing nuclei into cells appear during the third hour of development, exactly the time window examined in this study. Membrane growth during cellularization follows highly reproducible kinetics, which can be used to assign a fixed embryo to a time window of ∼1 min (33, 34) . By quantifying the length of the cellularization front in embryos stained for a specific component, such as dpERK, we can obtain a dynamic view of this component during the third hour of development. Thus, an ensemble of fixed embryos can be ordered in time to provide information about dynamics of dpERK activation and its transcriptional effects. D and E shows data from a representative experiment in which pattern formation was characterized in a group of 50 embryos stained with antibodies recognizing Dl, dpERK, and myosin regulatory light chain, which localizes to the cellularization front. In agreement with data from live imaging studies, we find that the levels of nuclear Dl within the ind expression domain remain essentially static during the third hour of development (Fig. 1D ) (30) . In contrast, the pattern of dpERK is dynamic and displays monotonic increase in amplitude (Fig. 1E) . Fig. 1F shows data from a similar experiment, in which FISH was used to characterize the induction of ind. Consistent with the model in which ERK induces ind, we find that ind transcripts appear minutes after the ERK pathway is activated. These observations demonstrate that ind is induced by constant levels of nuclear Dl and increasing levels of dpERK.
Note that the positive input of Dl on ind is direct, through the Dl binding sites in the ind enhancer, and indirect, based on relief of ind repression by Cic. The indirect part of the mechanism relies on a signaling relay, in which Dl first induces the localized expression of EGFR ligand and ligand processor, which in turn stimulates ERK signaling that will relieve Cic repression of ind. This study focuses on the mechanisms underlying this relief of transcriptional repression.
Cic Binding Sites Control Spatial Extent and Timing of ind Expression.
The expression of ind is lost in embryos lacking the EGFR ligands (21, 27) . To investigate the EGFR-dependent control of ind, we used a 1.4-kb transcriptional reporter, which drives neural ectoderm expression in a pattern that is very close to that of the ind gene and displays the same sensitivity to genetic perturbations (30) . Ectopic expression of this reporter outside the neural Fig. 1 . Nuclear Dl, germ layers, and ERK signaling dynamics along the DV axis. (A) The nuclear Dl gradient controls the DV patterning of the embryo by activating or repressing transcription of its target genes in a concentration-dependent manner. The expression domains of three genes, sna (green), short gastrulation (sog) (red), and dpp (blue), correspond to different levels of nuclear Dl and mark the territories that give rise to the future muscle, nerve, and skin tissues. (B) Schematic representation of ind regulation by nuclear Dl. (C) Patterns of nuclear Dl (green), dpERK (red), and ind (white) visualized in the same embryo. (D-F) Dynamics of nuclear Dl, dpERK, and ind. Each embryo was assigned to a time within nuclear cycle 14, based on the extent of cellularization (as detailed in the text). Panels from left to right show (i) a representative DV pattern; (ii) pseudocolor plot of the spatiotemporal pattern along the DV axis; (iii) spatial patterns at 20, 40, and 50 min after cycle 14; and (iv) time course of expression level at a location corresponding to the maximum of the pattern. (D and E) A total of 51 embryos were stained for Dl, dpERK, and myosin. The pattern of nuclear Dl remains stable until the onset of gastrulation (∼50 min after cycle 14). dpERK pattern was dynamic throughout the third hour of development, and monotonic increase in amplitude was observed. (F) A total of 37 embryos were stained for ind mRNA by using FISH, and phase-contrast images were taken to visualize membrane. ind transcripts were observed after the activation of ERK pathway.
ectoderm is not relevant for our analysis. For the rest of our presentation, we focus on expression only within the neural ectoderm. Studies with a shorter version of this reporter established that its sensitivity to EGFR depends on the DNA binding sites for Cic (Fig.  2 A and B) (28) . We confirmed this with the ind 1.4 -lacZ construct, which serves as a more accurate reporter. Removal of Cic binding sites results in a clear expansion of the lacZ expression pattern (Fig.  2C) . Importantly, removal of Cic binding sites overrules the need for receptor tyrosine kinase (RTK) signaling. Indeed, the activity of the WT reporter is dramatically reduced in embryos derived from mothers lacking Ras, a critical component of the EGFR signaling pathway. In contrast, the expression of ind 1.4mut -lacZ lacking the Cic binding sites is essentially identical to that observed in embryos with unperturbed EGFR signaling (Fig. 2D) .
A recent proteomics study established that Cic binding sites in the ind 1.4 sequence interact with other transcription factors that may provide additional links between EGFR activation and ind expression (35) . To test this idea, we assayed the activity of ind 1.4 -lacZ in embryos expressing a variant of Cic protein that lacks a motif necessary for interaction with ERK and is thus largely insensitive to the EGFR-dependent down-regulation of gene repression by Cic (Cic ΔC2 ) (36) . If EGFR induces ind mainly by relieving its repression by Cic, expression of Cic ΔC2 should prevent this control and lead to dominant silencing of the reporter. Consistent with this scenario, the Cic ΔC2 -expressing embryos show ind 1.4 -lacZ activity in only a few cells. In contrast, Cic
ΔC2
does not repress the ind 1.4mut enhancer that lacks the Cic binding sites (Fig. 2E) . Based on this, we conclude that EGFR induces ind mainly through Cic.
We found that Cic binding sites affect the timing of ind expression. This conclusion is based on the results of experiments in which we used multiplex FISH and temporal staging of embryos to compare the dynamics of the ind and lacZ transcripts. As shown in Fig. 3 A and B, transcriptional activity of the ind 1.4mut lacZ reporter is detected ∼20 min earlier than the ind transcripts.
In theory, this result could reflect a greater sensitivity in detecting lacZ vs. ind transcripts. However, two lines of evidence argue against this possibility. First, both transcripts display similar signal intensities at late cellularization stages (45-55 min after initiation of nuclear cycle 14; Fig. 3 A and B) , implying a different time course for reaching these signals. Second, the WT ind 1.4 -lacZ reporter did not show premature activation compared with endogenous ind (Fig. 3 C and D) .
Thus, the Cic binding sites control the spatial domain and the timing of ind expression: in the absence of these sites, lacZ is expressed prematurely and in a wider domain. The observed expansion of the lacZ domain ( Fig. 3 A and B) is caused by a shift in the dorsal border of expression, which reflects the spatial range of the Dl morphogen gradient (37) . In contrast, the ventral border of the lacZ pattern remains unaffected (Fig. 3B) , reflecting regulation by transcriptional repressors that are activated by higher levels of nuclear Dl (29) .
ind Is Induced Without Significant Reduction of Cic Levels in the Nucleus. ERK signaling in the presumptive neural ectoderm is activated shortly after the initial phase of ERK signaling at the anterior and posterior poles of the embryo. This earlier phase of ERK signaling depends on Torso, another RTK, which is activated by ligand produced at the poles. ERK activation at the poles induces the expression of several genes with Cic binding sites in their regulatory DNA (38) .
A recent live imaging study established that genes regulated by Torso are induced after a significant reduction of Cic levels in the nucleus, suggesting that this down-regulation may be required for RTK-dependent antagonism of Cic repression. On the contrary, studies of EGFR signaling in cultured human cells led to a model that does not rely on Cic degradation. Instead, RTKdependent phosphorylation of Cic was proposed to interfere with Cic binding to DNA (39) .
We reasoned that ERK signaling in the neural ectoderm can be used to investigate temporal control of Cic by RTKs. The half-life of Cic protein in the early embryo is approximately 15 min (31), which is comparable to the duration of the first phase of EGFR signaling that triggers ind transcription ( Fig. 1 E and F) . Based on this, we predicted that the EGFR-dependent derepression of ind does not require down-regulation of Cic levels. To test this, we stained embryos for ind mRNA, dpERK, and Cic protein. We found that the onset of ind expression is first detected during midcycle 14 and is closely associated with the onset of EGFR activation, visualized by the pattern of dpERK (Fig. 1E) . On the contrary, nuclear levels of Cic within the ind expression domain appear uniform when ind is activated (Fig. 4 A and B) .
Thus, the EGFR-dependent relief of Cic repression does not require Cic down-regulation. As proposed by studies in human cells, RTKs can first counteract Cic-dependent repression at the level of DNA binding (39) . This mechanism does not depend on changes in protein levels and can be effective minutes after pathway activation. At later times, repression may be further attenuated by changes in Cic subcellular localization and stability. Indeed, Cic protein levels within the ind-expression domain are significantly reduced during gastrulation (Fig. 4C) . We propose that RTKs control Cic through a mechanism that combines fast relief of transcriptional repressor function and slower reduction of nuclear localization and protein levels (Fig. 4D) . (1, 5, 40) , vulval patterning in nematodes (2, 41) , and DV patterning in amphibians (3) are just a few examples of systems in which ERK-dependent control of gene expression is important for normal development. Understanding how ERK activation is converted to changes in gene expression requires analysis of ERK signal transduction as a function of space, time, and cellular context. Spatial control of ERK activation and its effects on target genes can be studied in vivo, although at low temporal resolution. At this point, most of our knowledge about temporal aspects of ERK-dependent gene expression comes from experiments with cultured cells (42) (43) (44) (45) (46) (47) (48) (49) . Our work establishes the neural ectoderm in the early Drosophila embryo as a powerful experimental system in which ERK-dependent transcription can be studied with spatial resolution of a single cell and temporal resolution of minutes.
Discussion

CNS development in flies
We used the developed data collection and analysis tools to examine how ERK activation relieves gene repression by Cic, a transcriptional repressor with important roles in animal development and human diseases (38, 50, 51) . Our analyses of signaling dynamics establish that ind is activated by a timedependent ERK signal and that the spatial domain and kinetics of ind expression are controlled by specific Cic binding sites in the regulatory DNA of ind.
Induction of ind depends on ERK and is detected before any significant decrease in the nuclear levels of Cic. In contrast, during terminal patterning of the Drosophila embryo, which also depends on ERK, the induction of Cic-target genes is preceded by a clear decrease in Cic levels (31) . Based on previous studies with receptor tail swaps, we propose that these differences do not reflect differences in the RTKs used by the terminal and DV systems (52) . Instead, a time delay between ERK activation and gene transcription in the terminal system may result from the lack of transcriptional activators of Cic target genes at the embryonic termini when ERK signaling is initiated. Some of these genes are positively regulated by the nuclear Dl gradient and Zelda, a uniformly expressed activator of the zygotic genome (53) . Nuclear levels for both of these signals increase during the time preceding the expression of the terminal genes (54) . The same activators play a role in the induction of ind, but because they are already present when ERK is activated in the presumptive neural ectoderm, there is no delay between ERK activation and ind induction. Cic degradation is observed on -lacZ (C and D) embryos were costained for ind (white) and lacZ (blue), and average signals were quantified for four temporal classes. Phase-contrast images were used to quantify membrane ingression length, which corresponds to a time point in cycle 14. Expression patterns are plotted from ventralmost (x = 0) to dorsalmost (x = 1) point. (A and B) Expression of ind 1.4mut -lacZ is dorsally expanded relative to the ind pattern. Note the premature activation of ind 1.4mut -lacZ expression during early/mid-cycle 14 (∼20 min after cycle 14, and before ERK pathway activation, based on Fig. 1) . Totals of 19, 10, 13, and 13 embryos were examined for each class, respectively, and error bars correspond to SEM. (C and D) Expression of ind 1.4WT -lacZ and that of endogenous ind pattern matches in its spatial and temporal pattern. In both cases, the expression is first observed ∼40 min after start of cycle 14, which is after the activation of ERK pathway. The numbers of embryos used for each class are longer time scales, when additional layers of control become important for robust response. This may be a common feature of systems in which ERK controls its target genes by relief of transcriptional repression (45, 55) . What is the molecular basis for fast ERK-dependent relief of transcriptional repression by Cic? One possibility is that phosphorylated Cic dissociates from DNA. This mechanism was put forward on the basis of three results (39) . First, human Cic is phosphorylated on sites close to the DNA binding domain. Second, phosphorylation of Cic promotes binding to 14-3-3 proteins, which function as key regulators of phosphoproteins. Third, 14-3-3 proteins interfere with binding of phosphorylated Cic to DNA in vitro. Analysis of this potential mechanism in flies will require (i) determination of the ERK-dependent phosphorylation sites in Drosophila Cic, (ii) testing of the role of 14-3-3 proteins in regulating Cic embryonic functions, and (iii) measurement/quantification of the time scales on which Cic DNA binding could be affected in vivo.
Alternatively, or in addition to the DNA-binding mechanism, phosphorylation of Cic could disrupt binding of Cic to a cofactor required for repressor activity. Addressing this hypothesis will involve the characterization of Cic interactome and its sensitivity to ERK activation. Given the conserved association between ERK signaling and Cic-target gene derepression, the early Drosophila embryo offers an ideal system for elucidating the mechanisms of Cic regulation in vivo. The experimental approach developed in this study paves the way for testing these mechanisms at high temporal, spatial, and molecular resolution.
Materials and Methods
Fly Stocks and Transgenes. Oregon-R (OreR), spaghetti squash (Sqh)-green fluorescent protein (GFP), cic
ΔC2
, Ras
ΔC40b
, ind 1.4 -lacZ, ind 1.4mut -lacZ stocks were used in this study (28, 36, 53) . -lacZ reporters were assembled in pCaSpeR-hs43-lacZ and transformed into flies by standard methods. Sqh-GFP flies were used to visualize the membrane invagination.
Staining Procedures. Antibody staining and FISH were performed as described before (56) . For FISH, embryos were hybridized overnight at 60°C with digoxigenin and biotin-labeled antisense probes. Labeled embryos were visualized by using standard immunofluorescence techniques. Monoclonal rabbit anti-dpERK (1:100; Cell Signaling), rabbit anti-Cic (1:2,000; gift from Celeste Berg, University of Washington, Seattle, WA), mouse anti-dorsal (1:100; DSHB), sheep anti-digoxigenin (1:125; Roche), and mouse anti-biotin (1:125; Jackson Immunoresearch) were used as primary antibodies. DAPI (1:10,000; Vector Laboratories) was used to stain nuclei. Alexa Fluor conjugates (1:500; Invitrogen) were used as secondary antibodies.
Imaging. A Nikon A1 confocal microscope was used for imaging. For lateral imaging of embryos, a Nikon 20× Plan-Apo objective was used. Images were collected from the focal plane in the midsagittal cross section of embryos. For upright imaging, a Nikon 60× Plan-Apo oil objective was used, and images were collected at the focal plane ∼90 μm from the anterior or posterior pole of an embryo. End-on imaging was performed by using the microfluidics device described previously (57) . Spatial patterns of Dl, dpERK, and Cic proteins, and of ind and lacZ mRNAs, were automatically extracted from raw confocal images as described elsewhere (58) . To quantify nuclear Dl and Cic signal, we used DAPI staining as nuclear masks, which provided nuclei positions to be quantified. For end-on imaging, the maximum of the quantified nuclear Dl gradient was used to find the ventralmost point of the embryo (59).
Temporal Staging of Embryos. The progression of membrane invagination and nuclear elongation during cellularization was used to assign time point to each embryo in third hour of development. During the first 30 min of nuclear cycle 14 (2 h 10 min to 2 h 40 min after fertilization), membranes that will divide future cells begin to form. During the remaining 15 min before gastrulation, the length of internuclear membranes reaches approximately 30 μm (33). We measured the membrane length by costaining embryos with a membrane marker (myosin-GFP) or by taking phase-contrast images. We used a correlation curve between the membrane ingression length and the development time to assign a fixed embryo to a time window of approximately 1 min.
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